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Objectives

The main objective of this research project was to estimate the thermal conductivity of

cometary ices from computer simulations of model _morphous ices. This was dlvldcd into
four specific tszks:

1. Generating of samples of amorphous water ices at difi.erent microporosities;

2. Comparing the resulting molecular structures of the ices with experimental results, for

those densitic_ where d_t_ w_s awil,_ble;

3. Calculating the thermal conductivities of liquid water and bulk amorphous ices and

comparing these results with experimentally determined thermal conductivities;

4. Investigating how the thermal conductivity of amorphous ice dependg upon the micro-

scopic porosity of the samples.

-n

Summary

The thermal conductivity was found to be only weakly dependent on the microatructure of

the amorphous ice. In general, the amorphou_ ice= were found to have thermal conductiviti¢=

of the s_me order of magnitude as liquid water. This is in contradiction to recent experi-
mental estimates of the thermal conductivity of amorphous ice,_d itissuggested that the

extremely low value obtained experimentally isdue to larger-scaledefectsin the ice,such as

cracks,but isnot _n intrinsicproperty of the bulk amorphous ice,
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Introduction

It is thought that the ices in the region outside the solar system arc representative of the

protostellar nebula from which the solar system waJ :formed (Klinger, 1983). Comets and

intersteUar dust grains are thought to refle_;t the composition of the protostellar nebula,

having existed in an unaltered state since the formation of the solar system. It is also

thought that much of the water _d biogenic material on the earth was delivered by cometary

impacts after the initial formation of the planets. Thus, understanding the physical and
chemical state of the icy interior of cometary bodies would provide not only a more detailed

underst_dlng of the early solar system, but would also yield information on the form and

composition of biogenic elements as they were introduced to the earth (Chyba et al., 1990).

A great deal has been learned about astrophysical ices through infrared astronomical ob-
servation of interstellar molecular clouds, planets, icy satellites a_d cometary bodies (Hagen

tt al., 1979; S_ndf'ord and Allsrnandolffi, 1990b; Sa_dford aud AUams_-_dola, 1990a; Cruik-

shank tt al., 1993; Owen et al., 1993; Irvine e_ al., 1996). Our understanding of astrophysical
ices has been aided by ground-based experiments (Hailbrucker et al., 1991; Klug et al._ 1991;

Jennlskens and Blake, 1994; Devlin and Buch, 1995) and computational studies (Zh_g end

Buch, 1990a; Zhang and Buch, 1990b; Buch, 1990; Buch, 1992; Wilson et al._ 1995; Essmann

_nd G¢igcr, 1995). Computational studies are particularly well suited for investigating con-
ditions which cannot be obtained in the laboratory, such as the _'orm,_tlon of cold (10-15 K)

amorphous ice from cold water vapor.
Cometary bodies which pass near the sun, however, are subject to solar radiation, giv-

ing rise to possible structural changes in the icy mantle as well as out gassing of volatile

constltucnts (Prialnik and Barnun, 1990; Notesco e_ ,q., 1991; Notesco and Bar-Nun, 1997).

The extent to which thisprocessing occurs'depends upon the thermal conductivity of the

amorphous ice.In addition to itsimportance in cometary evolution,the _hermal conductiv-

ity isalso important in the formation of iceon interstellardust grains. Recent experiments

have led to widely differentvaluesof the thermal conductivity,and the problem has not been

resolved (Kouchl c_ ,d.,1992).

Methods
t

In an MD simulation_the equations of motion ofthe system are solved numerically,and the

properties of interestarc obtained from _vcr_$_ over the resultingnumerical trajectories.

The majority of MD calculationsare ba_ed on classicalmechen]cal models, and the problem

reduces to the solution of Newton's equations of motion for a system of interactingatoms

and/or molecules. A detaileddescriptionsof thismethod can be found in a number of basic

texts (Allen and Tildesley,1987; Hansen and McDonald, 1986).
Several models are availableto dcscrlbc the interactionsbetween water molecules. We

have selectedthe TIP4P model (Jorgensen et al.,1983) which has been shown to provide a

good descriptionof liquidwater, as found through the comparison of the water--water pair
correlationfunctions with the resultsof neutron scatteringexperiments (Jorgensen et al.,

1983),as well as the llquid-vapor interfaceof water (Wilson et aL, 1987). The TIP4P model

can _Iso reproduce many physical propertiesof crystallineices(Tse and Klein, 1988a), and

the pressure disordered high and low densityamorphous ices(Tee and Klein,1988b). Related

studieson solid amorphous icephases have been done using the ST2 model of water (Pools

2



®6-14-1DD_ 11:5_ 41S6®41®88 NASA N33g P.®6

etal.,1992), and amorphous ice clustersusing the TIPS2 model (Zhang and Buch, 1990a;

Zhang and Buch, 1990b; Buch, 1990; Buch, 1992).
The methodology for generating these structuresh,,5bccn described previously (Wilson

etaL, 1995). Briefly,the TIP4P model of water was used throughout the simulations (Jor-

gensen etal., 1983), which has been shown to reproduce correctlymany of the structurM

properties of water and aqueous solutions.343 water molecules were placed in a cubic box

at a density of 0.94 g/cc for the Ida ice and 1.17 g/cc for the hda ice. The systemm were

simulated at a temperature of 300 K for I.Ins, Configu%at_ons wcrc stored every i0 pe over

the final1.0 ns of the run. At 300 K, the correlationtime for water islessthan i0 ps,so this

yieldsa set of 100 uncorrelated configurationsat each density,for _.totalof 200 configurw

tions.Itisimportant to startwith an uncorrelated setof configurations:At the temperatures

of interest,10-77 Ig_a tr,_jectorystartedfrom a singleconfiguration willundergo very few

structuralrearrangements on the time scalethat can be followed in 7tcomputer simulation.

Constructing averages over a set of uncorrelated configurationsavoids this "initialcondi-

tions"problem. Each of the 200 configurationswas slowly annealed to 10 K by coolingthe

configurationin 50 K increments over 50 ps followed by a constant temperature trajectory

of 50 ps.

Results

Bulk Amorphous Ices

We have carriedout computer simulationsof bulk amorphous icesat the densitiesof the two

major polymorphs: 0.{}4 g/cc for low density amorphous (Ida) ice and 1.17 g/cc for the high

density amorphous (hda) ice (Narten et el.,1976). The structureof the ices,as determined

from the pair-correlationfunctions,was found to be in good agreement with the correlation

functions obtained from neutron scatteringexperiments, This demonstrates that the water

•models used in our computer simulationsprovide a good descriptionof the bulk amorphous

ice phases. The neutron-weighted structure factors,G(r), of the low and high deualty ices

computed from the bulk quenches are shown in Figure i. These _c in good agreement with

experimentally determined structurefactors(not shown) (Bellissent-Funelet al._1987) The

neutron-weighted pair correlationfunction, G(r), is related to the usual atom-atom radial

distributionfunctionsby C(r) - 4_'prx (0.092Go-o (r)4-0.422Go-s (r)+ 0.486G_-s (r)- i)

where the numerical coefficientsare scatteringweights associatedwith the neutron scattering

experiments.
Detailed information about the nature of_he hydrogen-bonding network ofthe icescan be

obtained from the oxygen-oxygen radialdistributionfunctions (RDF's), shown in Figure 2.

The oxygen-oxygen RDF of Ida iceissimilarto that of liquidwater, alsoshown in Figure 2.

The Ioc_.tlonof the firstand Second peaks at 2.75 ._and 4.45 _in the RDF are indicativeof

the tetrahedralordering found in liquidwater. This resultisin good agreement with X-ray

diffractionresultson pressure induced Ida ice (not shown) (Bizid et al, 1987). The maln

differencebetween the computer simulation resultsand the X-ray data isthat the firstpeak

is much broader in the X-ray data, which suggests that the computer simulated icesmay

not be fully relaxed.
In contrast, the first peak in the oxygen-oxygen RDF of hda ice is smaller and broader

than for Ida ice,and the second peak isvery broad and shiftedto smaller distances,indi-

cating a greatly distortedhydrogen bond network. The X-ray resultson hda ice also show
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Figure i: Neutron-weighted scattering

functionsfrom computer simulations of Ida

(solldllne)and hda (dot-d_hea llne)ice.
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Figure 2: Oxysen-oxygen pair correlation

functionsfor water _t 300 K, Ida iceand hda

ice.

substantiallylessstructure than the Ida ice.However_ the asreement between the RDF of

the computer simulated hda ice and the X-ray diffractionresults(Bizld et aL, 1987) isonly

qua2itative.In particular,the X-ray RDF of the hda iceexhibits two next-nearest neighbor

peaks at 3.7 A and 4.65 A, of which the 3.7'A isdue to the presence of water tripletswith

smMl O-O-O angles. This feature appears to be absent in simulated hda ice,although it

ispossible that the singlebroad peak observed here, which spans the reglon from :3.7]kto

4.7 A,iSno_ completely relaxed, and would splitinto two pe_kB wlth additional anneMing.
These resultsdemonstrate that the TIP4P model azlequatelyrepresents the structural

propertiesofbulk samples of the hda and Ida ices.The bulk Ida and hda samples where then

used as the initlalsubstrates in simulations to generate samples at differentmlcroporosities.

Calculation of the Thermal Conductivity of Amorphous Ice

The thermal conductivity, _, can be cMculatcd from the long-time limit of _he heat flux

correlationfunction,

_: = 2ksVT 2 _--+= "_(_ _

where kS is the Boltzmann constant,T and V axe the temperature macl volume of the system,

respectively,and Ei(t) and zi(t)are the enerzies and positionsof molcculc i at time _. The

double sum isover allN molecules in the system, and < ...> denotes a statisticMaverage.

The heat fluxcorrelationforliquidwater isshownln Figure 3. The thermal conductivity

of water isdetermined from the slopes of t.hesecurves in the long-time, linerregime. It is
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found to be 0.19, 0.23 and 0.26 W-m-t-K-I for temperatures of 290, 300 and 310 K, respec-

tively. These va/ues are between 9 and 3 times lower than the experlment_lly determined

thermal conductivit]es of w_ter _t the s_mc temperatures: 0.5917, 0,6096 a.ud 0.6252 W-m -i-

K-1. While this difference is f_irly large, it is sm_ll compared to the differences between

the measured thermal conductivity of water and experimental estimates of the thermal con-

ductivityof amorphous ice.Thus, our computer simulations provide a sui_iciently_ccurate

descriptionof the thermal tra_nsportpropertiesof water that meanin/_fulconclusionscan be

dr_wn from subsequent c_.Icul_tionsof the thermal conductivity of thc axnorphous ice a8 a

function of the degree of its microporosity.
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Figure 3: He_t fluxcurrentcorrel_.tionf'unctlon

forbulk liquidwater _.t290 K, 300 K and 310 K.

To create sa_,nples of microporous amor-

phous ice, we carried out high temperature
simulationsat 300 K wlth fixedbulk densities

of 0.9, 0.8 and 0.7 g/c_. Configur,_tions from
these c&lculations were quenched to 77 K to

provided a set of initial conditions for calcu-
lations of the thermal conductivity.To inves-

tigate how differentmicroporous structures

might a_ect the thermal conductivity,we de-

vised two methods for gener_ing such struc-

tures.In the firstmethod, we took a setofIda

ice configurationsand randomly deleted w_-

ter molecules until the density was 0.7 g/cc.

The second procedure wa_ to delete w_tcr

molecules around a fixed center untila den-

sityof 0.7 g/cc was reached. This allows us

to investigatethe possibleextremes of the microporous structures',random deletionofwater

molecules resultsin _.fairlyuniform distributionof smMl c_vitlesin the structure whereas

deleting around a fixed center yieldsmuch laxgercavities.

The heat flux correlationfunction for the

two mlcroporous samples of amorphous ice _o . _,_._,__ . . "',

are shown in Figure 4. These are qualitatively

similarto the resultsfor liquidwater, shown

ifFigure 3,in particular,both the liquidand

amorphous samples reach the linearregime

on the same time scalesand the curves have

slopes that are of the szxne orcler of me.gni-

rude. The main difference between the liquid

and amorphous figures is that the heat flux
correlation of for the amorphous substrates

makes a more _brupt transition to the linear

regime. This is due to the lack of relaxation
in the energy flux via m_s transport in the

_morphous ice s_mples over the time scales
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Figure 4: Heat flux current correl_tlon for role

of the computer simulation, What is most croporous axnorphous icesat 0.7 g/cc.

significantisthat the resultsof random deletion of water molecules, giving rlseto a Isxg_

•number of sm_ler micropores, isnot qualitativelydifferentthan the resultsfor deletiono_



Thermal Conductivities of Water and Amorphous Ices
_ID exptl

T(K) ,_ (W-m-l-K -1)
Water

IceIh b

LDA
HDA

290 0.194-0.0'2 0.5017=

300 0.23_0.02 0.6096 =
310 0.20:h0.01 0.0252 =

100 1.49 5.94

260 0.94 2.35

93 0.15 4×10 -_ (80-100 K) =

93 0.35

microporousd

0.9 g/cc 86

0.8 g/cc 85

0.7 _/cc 86

0.12q-0.02

0,10:E0,02

0.10, 0.23' (87 K), 0.14! (92 K)

°Ramlres,e|at.,J. Phys. Chem. Ref, Data (1995)24, 1377-1381.
_Ice Ih results are from: Inoue_ et al., J. Chem. Phys. (1906) 102, 9569-9577.

=Kouchi. et al., Astrophysical J. 388, L73-L76.

dmlcropore= created by annealing at fixed density from liquid.

=rnlcroporee created by random deletion of w=ter molecules followed by quenching.

/micropores created by deletion around = fixed center fullowed by quenching.

water molecules axound a single center, creating a single, large void in the sample. Conse-

quently, even at the low density of 0.7 g/cc, we find no evidence for a greatly reduced thermal

conductivity in either extreme of a few, large micropores or uniformly dispersed micropores.

' The computed thermal conductivities of the various w_ter and amorphous ice runs simu-
lations are summ_rlzcd in Table 1, as well a8 .the computed thcrrn_l conductivities of the hda

and lda ice, They _rc of the s_.me order of magnitude as the results for liquid water. This
result is reasonable because the structure of amorphous ice is quite similar to liquid water.
The thermal conductivity of crystalline ice Ih at 100 K is 5.95 W-m-l-K -1, over an order of

magnitude larger than the thermal conductivity o£ amorphous ice at similar temperatures.
The main result is that the thermal conductivity of the m!croporous ice5 _.ppe_r to be

of the same order of magnitude as the bulk amorphous ices. The thermal conductivity does
not decrease drarnatlcally as the density of the amorphous ice is reduced from 0.94 g/cc

to 0.7 g/cc. Since the thermal conductivities for ice samples containing large cavities and

uniformly distributed small cavities differ by only a factor of 2 we conclude that the bulk
therma_ conductivity is not very sensitive to the distribution of' the mlcropores. Therefore,

the microporosity of the ice does not explain the extremely low value of thermal conductivity

that ha8 been reported for wpor deposited amorphous ice.

Significance

Since allhypotheses about the role of comets in the origin of lifeand chemical evolution of

the solar system make explicitor implicit assumptions about the thermal conductivity of
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the cometary ice,the resultsof our calculationsprovide crucialinformation for the critical

evaluation of these hypotheses. Recent experiments on laboratory sxialogsof cometary ice

have yielded wlues of the thermal conductivity that _rc scver_ orders of ma_nltude lower

than the thermal conductivity of bulk amorphous ices. Ifthis istrue, then itimplies that

the interiorsof comets are not heated at the perihelion of their orbits. Consequently, the

interiorsof comets might not have undergone any significantamount of thermal processing

and theircomposition might re_qectthe composition of the protostellaxnebula.

Whereas the laboratory _nalogs of'cometary ice are prepared by slowly depositing water

vapor onto a cold substrate, the bulk amorphous ices are prepared by applying extreme

pressure to crystallineicesamples untilthe underlying latticeisdisrupted. Itwas originally

thought that the low measured value of the thermal conductivity might be due to the micro-

scopicporosity of the icesample. As the computed thermal conductlvitlesof severalsampleJ

of microporous ice do not _ppc_r to be extremely sensitiveto thc mlcroscale structureof the

iceswe conclude that an extremely low thermal conductivity Isnot a property of amorphous

ice,even at densitiesas low as 0.7 g]cc consideringseveralextremes of how the microscale

structureof the iceisinduced. Rather, our resultsindicate that the thermal conductivity of

microporousl amorphous icesamples _.resimilarto bulk amorphous ices.Conlecluently,itis

likelythat the thermal conductivity of astrophysicalice isof the same order of magnitude

as normal ice.

It is possible that the extremely low thermal conductivity measured in the vapor deposi-

tion experiments is due to larger scale defects, such as cracks. In this case, the macroscopic

thermal conductivity is determined by the heat flux across such defects and not the bulk

thermal conductivity of the bulk _morphou5 ice.In the laboratory_the initialdcnslty of the

icewilldepend upon _ number of factorsincludingthe deposition rates and the temperature

of the substrate (Jenniskens and Blake, 1994), and amorphous ice layersfrom smooth and

dense (Jenniskens and Blake, lgg4) to extremely porous and _fluffy" (Laufer et al., 1987)

can be obtained with different initial conditions.

Publications: UThe Thermal Conductivity of Cometary Ice", M. A. Wilson, and A. Poho-

rills, (to be published, 1{}98).

Keywords: thermal conductivity, microporosity, amorphous ice, cometary ices
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